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Abstract: Many engineering disasters are related to water
infiltration in cracks. Understanding the water infiltration
in multi-layered sandstone cracks is crucial for monitoring
and preventing water-related disasters in coal mines. In
this study, we utilized the electrical resistivity tomography
(ERT) technique to conduct a water infiltration monitoring
experiment on the 2d-strata-model with cracks. The elec-
trical resistivity ratio profiles with respect to the back-
ground unveiled the existence of three cracks. Model
photography demonstrates two cracks of those cracks.
The infiltration cracks exhibit distinct shape of a stripe
or island chain electrical change ratio anomaly in the resis-
tivity ratio profiles. Electrical resistivity change ratio is
associated with the infiltration within the cracks. As the
infiltration progresses, the resistivity change ratios relative
to the background gradually decreases. This is evident in
the reduction in ratios in the original stripe or island chain
areas in the electrical resistivity ratio profiles. The dimin-
ished range expands, manifesting as an increase in the

area of the original stripe or island chain. The infiltration
patterns of the cracks can be categorized into three types: a
stripe pattern, island chain and stripe pattern, and island
chain pattern. The preferential flow paths along the crack
are related to both the infiltration time and the volume of
infiltration. In the early stages, there are clear preferential
flow paths along cracks. However, as infiltration time and
volume increase, these preferential flow paths along the
cracks become less pronounced and may even disappear.
The findings prove that ERT is suitable for monitoring
water infiltration along the cracks in multi-layered sand-
stone in the early infiltration stage. Experiment results
monitoring water infiltration cracks on the 2D-model
show that the ERT and 2D-model are suitable for studying
water infiltration along the cracks. This research can pro-
vide valuable reference for preventing engineering disaster.

Keywords: geophysical technique, ERT, crack, water infil-
tration monitoring, infiltration pattern

1 Introduction

Over half of coal mining geological hazards are closely
linked to water infiltration. Most engineering water disas-
ters are connected to the seepage of water through cracks
in the rock and soil. Understanding and monitoring water
infiltration in cracks is of paramount importance.

In recent years, electrical resistivity tomography (ERT) has
gained wide application in various fields such as agriculture,
hydro-geology, pollution assessment, and seawater intrusion
investigation [1–4]. Some scholars employ ERT to investigate
and research on aquifers in the vadose and fractures zone [5–9].

Researchers and engineers have utilized ERT in the
field or laboratory, aided by water and salt tracing, to study
the flow pathways and preferential flow in limestone
cracks [10–12] and basalt cracks [13–15]. In addition, the
evolution of the desiccation and fissure in the clay was
detected, and it has been proved that injecting the NaCl
helps to detect the desiccation [12,16]. However, note the
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low number of studies in monitoring water or injection
tracer infiltration in the sandstone with cracks.

This study employed a simulated coal mining model
comprising sandstone and mud-stone roof strata. The
experiment involved studying water infiltration through
cracks formed after mining, and monitoring the infiltra-
tion process using ERT. Due to the predominant presence
of sand in the mud-stone composition of the model, the
mud-stone exhibits permeability characteristics similar to
that of sandstone. The model we used in the experiment
can be considered as a multi-layered sandstone model. The
primary objectives of this research are as follows: (1) to
ascertain the anomalous characteristics of electrical resis-
tivity changes associated with crack infiltration; (2) to
determine the infiltration patterns of water in the multiple
layers of sandstone with the cracks; and (3) to assess the
effectiveness of ERT for monitoring water infiltration along
cracks in multiple layers sandstone.

2 Method and experiment

2.1 Coal seam mining model

The experimental model (3,000 mm in length, 1,055 mm in
height, and 300 mm in width) using a scale ratio of 1:300
compared to the actual geological strata (Figure 1) was to
simulate the 10-coal mining at the 10,414 working face,
Huainan Coalfield. The river sand, calcium carbonate,
gypsum, and animal glue were the primary materials
used to make the formation of the geological layers in
the experimental model. The river sand served as the

aggregate material, while the calcium carbonate and
gypsum served as the cementitious materials, and the
animal glue acted as the retarder. The composition ratios
of the different strata materials and the corresponding
heights of each layer are as given in Table 1.

It can be found from Table 1 that the primary material
used for each stratum is mainly the sand. Therefore, the
sandstone layers in the model are very similar to the actual
sandstone, while other layers such as mud-stone and silt-
stone maintain the permeability properties of sandstone
due to their mainly sand composition.

The 30 cm coal seam was left, which was to ensure the
safety during the mining on both the leftmost and right-
most sides of the model. Excavation were started from the
right side to the left side of the model (Figure 1). Each
excavation was done up to 5 cm of coal seam, followed
by a 1 h pause. This process continued until all coal layers
were completely excavated.

Several visible cracks resulting in the roof collapsed
after the extraction of the 10-coal seam can be categorized
into two main types: inclined and nearly horizontal layer
cracks. The area with visible cracks (Figure 2) near the
protective coal pillars were selected for the water infiltra-
tion experiment.

2.2 Method

ERT is to inject low-frequency electrical current into the
geological body using a pair of current electrodes (A and B)
and to measure the potential between two electrodes (M
and N) or multiple different potential electrodes. Electrical
resistivity is calculated using coefficient K, ΔU, and I.

Figure 1: Schematic diagram of similar strata of 10,414 working face.

2  Liang Du et al.



Coefficient K is related to electrode spacing, and electrode
configuration. The equations for electrical resistivity and K
are as follows:

=
∆

ρ K
U

I
, (1)

( ) ( )
=

− − −
K π2

1
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, (2)

where ρ is the electrical resistivity, K is the coefficient
depending on the position of A, B, M, and N. ΔU is the
potential difference measured between the electrodes M
and N. I is the current which is injected in the geological
body through the electrodes A and B. AM, BM, AN, and BN
are the distances between A and M, B and M, A and N, and
B and N, respectively.

Table 1: Statistics of materials model

Stratum
numbered

Stratum type Sand (kg) Calcium
carbonate (kg)

Gypsum (kg) Water (kg) Animal
glue (g)

Model
height (cm)

1 Diorite 87.1 8.71 20.32 16.59 331.79 8.7
2 Mud-stone 121.5 14.16 6.08 15.75 315 10.5
3 Fine sandstone 37.13 5.20 2.23 4.95 99 3.3
4 Mud-stone 71.74 8.37 3.59 9.3 186 6.2
5 Silt-stone 48.38 6.77 2.90 6.45 129 4.3
6 Diorite 158.96 15.90 37.09 30.28 605.6 15.7
7 Mud-stone 45.13 5.27 2.26 5.85 117 3.9
8 Fine sandstone 82.69 5.91 5.91 10.5 210 7.0
9 Mud-stone 37.03 4.32 1.85 4.8 96 3.2
10 Sandstone 38.48 8.98 3.85 7.33 146.6 3.8
11 Mud-stone 69.43 8.10 3.47 9 180 6.0
12 Silt-stone 61.88 8.66 3.71 8.25 165 5.5
13 Mud-stone 45.13 5.27 2.26 5.85 117 3.8
14 Fine sandstone 35.64 6.24 2.67 4.95 99 3.3
15 10-coal 14.18 1.42 0.61 1.8 36 1.2
16 Sandstone 112.5 11.25 11.25 15 300 10
17 Mud-stone 105.3 12.29 5.27 13.65 273 9.1

Figure 2: Cracks and roof strata after the 10-coal mining.
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Time-lapse ERT was used to make profiles of electrical
resistivity changes before and during infiltration phase.
The relative electrical resistivity change ratios (time-lapse)
were calculated using equation (3) between the electrical
resistivity collected before and after infiltration.

=R
ρ

ρ
,

t

0

(3)

where ρ
t
and ρ

0

are the electrical resistivity values (Ωm) at
time t (lasting infiltration) and time 0 (no infiltration),
respectively. ρ

0

is the background electrical resistivity.
The relationship between electrical resistivity and

moisture content was established to study the water infil-
tration in the soil using ERT. Relationships commonly used
are the equations specifically applicable to both coarse-
grain soils (equation (4)) [17] and fine texture soils (equa-
tion (5)) [18].
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where ρ and ρ
w

are electrical resistivities of soil and pore
water (Ωm), respectively, Φ is the soil’s porosity (%), θ is
the water content, ρ

s

is the surface conductivity (Ωm), s
a

and c
a
are the Archie’s cementation and saturation expo-

nents, respectively.
By incorporating equations (3)–(5), the spatiotemporal

variations in electrical resistivity change ratios and their
relationship with soil moisture content and infiltration
could be assessed.

2.3 Experiment

In Figure 3, the water supply system consists of a water
bucket, a hose, and a control valve. The bucket has a capacity
of 20 L, and the control valve regulates the water supply rate.
One side of the hose was in the plastic bucket, while the other
side was fitted into the hole dug to supply water in the model
as the water outlet. To provide water dynamics, the water
bucket was placed on the peak of the model.

A measurement line was horizontally positioned
beneath the diorite layer of the experimental model, and 40
electrodes were set with a spacing of 3 cm between adjacent
electrodes as shown in Figure 3. The reference electrode N
was positioned adjacent to the first electrode. Material of the
electrodes used in the experiment is copper rods with 0.1mm
in diameter and 4 cm in length. The parallel electrical

Figure 3: Schematic diagram supplying water and electrical resistivity acquiring system; 1#, 10#, 20#, 30#, and 40# were the 1st, 10th, 20th, 30th, and
40th electrodes, respectively.
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resistivity network system (WBD-1), which is the multi-elec-
trode system, was used to acquire the ERT data. WBD-1 has
two acquiring data methods: AN and ABN. ABN method has
two types of electrodes, the injecting current electrodes and the
measuring potential electrodes. Each electrode alternately serves
as a current and potential electrode. The ABNmethod was used
in our experiment because data acquiring using that can decode
to the traditional electrode array by the WBDpro.

Before the water supply, WBD-1 was utilized to acquire
the background data. Subsequently, data acquisition com-
menced at 15 min intervals following the initiation of the
water supply. This data collection process continued for
300min, resulting in the acquisition of 20 datasets.

ERT in our experiment monitoring water infiltration in
the model with crack was performed using the Wenner-
alpha electrode array, which are very sensitive to vertical
variations in electrical resistivity.

3 Results

3.1 Data processing and interpretation
procedure

To achieve ERT monitoring of water infiltration within
cracks, it is necessary to process and interpret the acquired
raw data. The specific procedure is illustrated in Figure 4.

The data collected by the WBD-1 parallel electrical
method instrument is processed using specialized software
known as WBDpro. Initially, the potential distribution
patterns measured by other measurement electrodes are
sequentially examined when each current electrode pro-
vides current. Any anomalies in the data are either
removed or corrected. Then, the data are decoded using
averaging methods with a selected cutoff time of 50 ms to
minimize interference. Finally, based on the data from
the right side of the current electrode and utilizing equa-
tion (1) and the Wenner-alpha array configuration, which

has 13 levels (Figure 5), apparent resistivity calculations
are done.

Based on the calculated background and apparent resis-
tivity values at time “t,” you can use equation (3) to obtain the
apparent resistivity change ratios relative to the background.
Subsequently, you can create resistivity change ratio profiles
relative to the background using software such as Surfer 8.0.
Image of the change ratios in electrical resistivity were helpful
for characterizing the infiltration behavior. Compared to the
resistivity image, the resistivity change ratio image relative to
the background enhances the clarity of infiltration informa-
tion by reducing the background’s influence.

Empirical relationships equations (4) and (5) allow
us to use the resistivity change ratios (R) to interpret the
soil moisture change and water infiltration in sand or
sandstone.

3.2 Analysis of results

In Figure 6, electrical resistivity change ratios (R) relative
to background resistivity was calculated using equation (3).
ρ

t
was the apparent electrical resistivity based on acquiring

data during the experiment at t time after infiltration. ρ
0

was

Figure 4: Schematic diagram procedure of data processing and
interpreting.

Figure 5: Levels of acquiring data.
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Figure 6: Time sequence of resistivity change ratios relative to background; 15–300 min profiles based on the data were acquired when water
infiltration lasted 15–300 min. C1, C2, IC1, and IC2 are respectively the first crack, second crack, first island chain, and second island chain; the values in
the color bar is resistivity change ratio R between ρ

t
and ρ

0

; different value ranges are represented by various colors; resistivity change ratio greater
than 0.52 are truncated in the profiles and in the color bar.
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the apparent electrical resistivity based on acquiring data
before infiltration, ρ

0

is the background resistivity. The ratios
R are the electrical resistivity at t time (lasting infiltration
time) to background resistivity. A value of 1 indicates no
change from the background; values higher than 1 indicate
resistivity increases and values lower than 1 indicate resis-
tivity decreases.

Our primary focus is on studying water infiltration
within cracks, where the electrical resistivity change ratio
decreases. Therefore, we should pay closer attention to the
areas where the resistivity change ratio decreases. In the
resistivity change ratio profile, we have set the color scale
range to be 0–1.2 with intervals of 0.04. To highlight the

areas where the resistivity change ratio decreases, we have
whitened the parts with larger change ratios. After several
attempts, we found that by truncating the range in the
color scale to values greater than 0.52 and whitening
them, we can better represent water infiltration within
the cracks. Consequently, in the following profile, we
have chosen the color scale to be within the range of
0–0.52, with values greater than 0.52 being whitened.

In the 15 min profile, a distinct area with significant
resistivity change appears near the surface. This area
resembles a suspended water droplet-shaped electrical
resistivity change ratios anomaly and does not originate
from the surface, indicating that it may be caused by water
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Figure 6: (Continued)
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infiltration along the crack. In the 30 min profile, there is a
combination of strip-shaped and semi-elliptical anomaly
area with significant resistivity change. The stripe-shaped
area (C1[depth 0 to −0.16]) is attributed to water infiltration
along the crack. The semi-elliptical region is caused by
water infiltration in the non-fractured zone of the sand-
stone. In the 45–60min profile, the strip-shaped area of
resistivity change elongates and widens, indicating water
permeating along the crack and spreading around it during
the seepage process. The non-semi-elliptical area also gra-
dually expands, representing water infiltration in the non-
fractured sandstone layers.

In addition to the prominently observed areas of the
stripe and semi-elliptical resistivity change anomaly, there
is an island chain resistivity ratios anomaly, caused by water
infiltrating a newly formed crack in the 75 min profile. We
designated this anomaly area as IC1 (depth −0.14 to −0.28). In
the 90 min profile, the island chain area IC1 (depth −0.14 to
−0.28) in the 75 min profile transitions into a stripe anomaly
area C2 (depth −0.14 to −0.28), connecting with the resistivity
variation area of the C1 (depth 0 to −0.24), suggesting it cor-
responds to the layered crack area seen in Figure 1. Addition-
ally, a distinct isolated island-shaped area (depth 0 to −0.08)
of significant resistivity change anomaly appears in the
shallow portion, resulting from water infiltration at the
shallow depth. Between the C1 (depth 0 to −0.24) and C2
(depth −0.14 to −0.28) cracks, as well as in the connecting
area, there is a blank area where water flow along the two
cracks and the layered crack occurs, indicating the absence of
water infiltration in that area.

In the 105 min profile, the emergence of island chain
IC2 (depth −0.12 to −0.34) resistivity ratios anomaly indi-
cates the presence of a crack within the corresponding
detection zone in the model. The diminished blank area
between the first crack corresponding to C1 (depth 0 to
−0.24) and second crack corresponding to C2 (depth −0.14
to −0.28) is primarily attributed to the continuous outward
flow of infiltrating water along the crack pathways. From
the 120–300 min profiles, the semi-elliptical areas within
the entire areas progressively expand until reaching the
limits of the survey, signifying the expanding range of
water infiltration in the non-fractured domain. The elonga-
tion and widening of the stripe resistivity ratio anomaly
area aligned with the first crack demonstrate the water
flow along this crack and its dispersion into the sur-
rounding medium. The C2 ((depth −0.14 to −0.28) in the
120 min profile to (depth −0.14 to −0.28) in the 150 min
profile) stripe resistivity ratios anomaly widens until they
coincide with the resistivity ratios anomaly C1 (depth 0 to

−0.24) in the 150 min profile. From the 180–270 min profiles,
there is no change in C2 (depth 0 to −0.30) anomaly area.
Only the central areas of the stripes C2 (depth 0 to −0.30)
remain the locus of the more pronounced resistivity ratios
variations (color darkens). From the 285–300 min profiles,
C1 (depth 0 to −0.24) and C2 (depth 0 to −0.30) are connected
together, making it difficult for us to distinguish them. It
indicates that the water infiltration along the crack is not
obvious. The IC2 (in the 105–255 min profiles) steadily grows.
The deepest island of IC2 (in the 270–300 min profiles) con-
nect to C2.

3.3 Comparison of experiment results and
photographs

In Figure 7, the 15 min profile and photograph shows that
the suspended water droplet-shaped anomaly aligns with
the locations of the first crack. In the 30 min profile and
photograph, the C1 (depth 0 to −0.16) stripe of resistivity
change anomaly corresponds directly to the positions of
first crack. In the 90 min profile and photograph, the C1
(depth 0 to −0.24) stripe anomaly area aligns with the first
crack location, and an additional green stripe C2 (depth
−0.14 to −0.28) resistivity ratios variation appears. Although
there is no visible second crack on the surface of the model,
the deepest part corresponds to the gap of the crack, indi-
cating the presence of a hidden second crack internally. The
connecting area between the first and second cracks corre-
sponds to the location with layered cracks. In the non-frac-
tured shallow area, there is an elliptical-shaped resistivity
change anomaly area, which is the result of infiltration
within the multiple layers of sandstone. In the 300 min
profile and photograph, the deepest parts of the first and
second cracks align precisely with the positions of the sand-
stone crack. The IC2 (depth 0 to −0.34) islands chain resis-
tivity change anomaly area may indicate the presence of the
third crack, and there are some signs of collapse in the coal
seam roof model, although they are not prominent. The non-
fractured area exhibits a semi-elliptical-shaped resistivity
ratios variation anomaly area. From the experimental results,
it appears that visible cracks or crack traces in photographs
can be used to validate ERT monitoring of water infiltration
within cracks. However, it is important to note that some
cracks may only be visible internally or exhibit significant
differences between the surface and internal cracks, which
can indeed pose limitations when verifying water infiltration
within cracks through monitoring.
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Figure 7: Comparison of measured results and photographs. (a)–(d) 15, 30, 90, and 300 min profiles based on the data were acquired when water
infiltration lasted for 15, 30, 90, and 300 min.
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Figure 7: (Continued)
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3.4 Water infiltration pattern in the multi-
layers sandstone with cracks

In Figure 8, the C1 (depth 0 to −0.16) (30 min) stripe
anomaly area starts from the shallowest part, and as the
infiltration continues, the C1 (45–120 min) stripe anomaly
consistently becomes longer and wider, with the length
increasing faster than the width. The initiation from the
shallowest part indicates that water starts to infiltrate from
the terminal position of the crack within the detection
range. The continuous lengthening and widening of the
stripe indicate sufficient moisture content. The faster
lengthening rate than the width suggests that the prefer-
ential flow occurs along the crack. Thus, water infiltrates
from the end of the crack within the detection range, and
the moisture content is sufficient. The infiltration pattern
exhibits a stripe pattern, the preferential flow of water
along the crack, while water also infiltrates around the
crack. C1 (150–300 min profile) is not the stripe shape. It
indicates that the preferential flow of water along the
crack is not obvious.

The IC1 (depth −0.14 to −0.27) anomaly starts from the
middle of the detection depth. Due to insufficient moisture
and varying water content in the multi-layered sandstone,
it appears as a chain of islands. As infiltration progresses,
the IC1 (depth −0.14 to −0.27) anomaly in the 75 min profile
transforms into the C2 (depth −0.14 to −0.28) anomaly in
the 90 min profile while being connected to the C1 anomaly
in the 90 min profile.

The C2 (90–120 min profile) anomaly becomes longer
and wider. The infiltration pattern in the crack, when not
occurring at the crack ends and under conditions of low
moisture content, is characterized by the preferential flow

of water along the crack, with different sandstone layers
around the fissure exhibiting varying degrees of water
absorption, resulting in an island chain-like pattern. When
the moisture content is sufficient, the island chain pattern
transforms into a stripe pattern, where the preferential flow
of water continues along the crack, andwater also infiltrates
around the crack. After 90min of continuous infiltration, the
shallow anomaly can still be considered part of the island
chain IC1 (depth 0 to −0.28), but with two infiltration sources
within the crack.

As the infiltration progresses, the islands within the
island chain pattern in the IC2 (105–300 min profile) anomaly
become longer and wider. At the 300 min profile, two islands
are connected to both the C2 and C1 anomalies, indicating the
presence of multiple infiltration sources within the crack
where the IC2 (depth 0 to −0.34) anomaly is located. The
infiltration pattern of a crack with multiple sources infil-
trating is characterized by an island chain pattern, where
the preferential flow of each infiltration source occurs along
the crack. Additionally, there is also infiltration around the
crack. Some islands are connected to the infiltration sources,
and as the infiltration continues for a sufficient duration, the
island chain pattern IC1 (depth −0.14 to −0.27) in the 75 min
profile transforms into a stripe pattern C2 (depth −0.14 to
−0.28) in the 90 min profile.

The C1 and non-crack portions undergo simultaneous
infiltration, resulting in a combination anomaly of stripes
(Figure 8. C1) and semi-ellipses (Figure 8. SE). As the infil-
tration progresses, the stripes become longer and wider,
while the range of the semi-ellipses gradually expands. The
infiltration pattern is characterized by the combination of
a stripe and a bulb pattern, where the preferential flow of
water occurs along the crack and infiltration around the

Figure 8: The infiltration process in the multi-layer sandstone with cracks. C1, C2, IC1, and IC2 are, respectively, the first crack, second crack, first island
chain, and second island chain. 15–300 min images based on the data were acquired when water infiltration lasted for 15–300 min.
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crack. In the non-crack area, the infiltration pattern exhi-
bits a bulb-shaped flow.

Water infiltration in a uniform medium typically exhi-
bits a regular semi-elliptical pattern. However, the results
of this experiment indicate that water infiltration within
the model forms irregular semi-elliptical patterns. This
irregularity can be attributed to the model’s composition
of multiple layers of heterogeneous media, with each layer
not being entirely uniform. Additionally, the presence of
cracks near the vadose area further contributes to this
irregular infiltration pattern.

4 Discussion

In order to understand the infiltration patterns of water in
multi-layered sandstone with cracks, the second experi-
ment was performed. First, mining experiment was con-
ducted on a coal model to generate cracks. Subsequently,
ERT was utilized on the model with cracks to monitor the
water infiltration. The resistivity change ratios profiles
reveal that the infiltration pattern of water in multi-
layered sandstone with cracks follows island chain or a
stripe and a bulb pattern. The experimental results demon-
strate that ERT can effectively monitor water infiltration
within cracks in the early stage.

The water infiltration pattern in non-fractured areas
manifests as semi-elliptical or partially semi-elliptical shapes.
This observation aligns with the numerical simulations [18,19],
laboratory experiments, and fields [20–22]. The semi-elliptical
anomaly primarily represents no water entering the cracks
and infiltrating the sandstone. Hence, the infiltration pattern
takes the form of a bulb. The partial semi-elliptical shape
anomaly occurs when water infiltrates the cracks and partici-
pates in both the semi-elliptical flow and the flow within the
cracks. The affected portion of the semi-elliptical anomaly
becomes partially influenced, resulting in a partial bulb pattern.

The pattern of water infiltration at crack locations fol-
lows island chain or a stripe pattern, similar to the findings
of Liu et al. [23]. The difference lies in using relatively low
resistivity anomalies in Jing Liu’s study, where the anoma-
lies appear as stripe low resistivity areas. Similarly, the
results align with the research conducted by Geng et al.
[24], who investigated water infiltration in a two-layered
fine sand with embedded gravel experiments. The perme-
ability of the gravel is higher than that of the surrounding
fine sand, resembling the behavior of cracks. Thus, the
results show similarities.

The preferential flow paths for monitoring crack infil-
tration are related to both the infiltration time and the

volume of infiltration. In the early stages of water infiltra-
tion, there are clear preferential flow paths along cracks.
However, as infiltration time and volume increase, these
preferential flow paths along the cracks become less pro-
nounced and may even disappear. For instance, in Figure
4, the crack corresponding to C1 exhibits distinct preferen-
tial flow paths in the profiles ranging from 15 to 120 min.
However, in the profiles from 135 to 180 min, these pre-
ferential flow paths are not clearly discernible. Finally,
in the profiles from 195 to 300 min, they completely dis-
appear. Therefore, when monitoring water infiltration
in cracks, early monitoring is more advantageous for
detecting preferential flow paths. Similarly, in engi-
neering applications, the earlier you detect crack defects
and their locations, the more advantageous it is for crack
detection, especially in relation to the timing of infiltra-
tion initiation.

The shape of infiltration anomalies is influenced by
factors such as the material’s porosity, the orientation of
cracks, and the connectivity of cracks. The greater the por-
osity of the material, the smaller the difference between
water infiltration along the pores and water infiltration
along the cracks. Therefore, the preferential flow paths
along cracks become less distinct, and the shape of anoma-
lies along the cracks becomes less pronounced. Conversely,
the smaller the porosity of the material, the greater the
difference between water infiltration along the pores and
water infiltration along the cracks. This makes the prefer-
ential flow paths along the cracks more pronounced, and
the shape of anomalies along the cracks more distinct, such
as C1 in Figure 6(a) and C2 in Figure 6(c). Cracks have a
specific orientation, and because the preferential flow path
of water infiltration follow the crack, it results in the
anomaly shape in the direction consistent with the crack.
When the cracks are interconnected, the preferential flow
paths of water infiltration also overlap, causing the anom-
aliesalong each crack to stack together, such as C1 and C2 in
Figure 7(c) to stack together.

Geological formations are typically situated in semi-
spaces, and internal cracks that formwithin them are often
invisible. Water infiltrating through these cracks is akin to
a process inside a black box. Monitoring the flow of water
within these cracks can be challenging to validate. In this
study, we employed a two-dimensional model that simulates
the generation of cracks in a three-dimensional model.
These visible cracks allow us to monitor water infiltration,
providing a more reliable means of validation. Due to the
verifiability of these monitoring results, they hold greater
practical value. Currently, this model finds primary applica-
tions in coal mining and can potentially be extended to other
engineering domains.
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It is important to note some limitations in this study. The
cracks used in our experiment were based on coal mining
model experiments rather than actual cracks. Additionally,
the study did not consider the influence of hydrological para-
meters such as water temperature, infiltration velocity, etc.
Future research should include field experiments or practical
studies to examine actual fractures and explore the impact of
various hydrological factors.

5 Conclusion

The experimental results and photographic verification
demonstrate that the preferential flow paths along the
crack for monitoring crack infiltration are related to both
the infiltration time and the volume of infiltration. In the
early stages of water infiltration, there are clear preferen-
tial flow paths along cracks. However, as infiltration time
and volume increase, these preferential flow paths along
the cracks become less pronounced and may even disap-
pear. ERT is suitable for monitoring water infiltration
along cracks in multi-layer sandstone. It enables the deter-
mination of the spatiotemporal distribution of water infil-
tration, the characterization of water infiltration processes
within the cracks in the infiltration early stage, and the
identification of water infiltration preferential flow path-
ways along the crack in the infiltration early stage.

Experimental results show that ERT and the two-
dimensional model are suitable to study the water infiltra-
tion along the cracks. On the one hand, visible cracks can
verify water infiltration along the cracks displayed by ERT.
On the other hand, ERT can demonstrate water infiltrating
along invisible cracks and study the relationship between
visible and invisible cracks.

The infiltration characteristics in the cracks in the elec-
trical resistivity ratio profiles relative to the background
are a stripe or island chain electrical resistivity change
ratio anomaly. Electrical resistivity change ratio relative
to the background is associated with the infiltration within
the cracks. With the infiltration progress, the ratio of elec-
trical resistivity change relative to the background gradu-
ally decreases. This is evident in the reduction in ratios in
the original stripes or island chain areas in the electrical
resistivity ratio profiles. The diminished range expands,
manifesting as an increase in the area of the original
stripes or island chain. That provides a reference for inter-
preting the determination of water infiltration in the cracks
using electrical resistivity change ratio profiles.

The infiltration patterns of water in the multiple layers
of sandstone with the cracks are as follows:

(1) Water infiltrates from the terminal position of the
crack within the detection range, and the moisture
content is sufficient. The infiltration pattern exhibits
a stripe pattern, the preferential flow of water along
the crack, while water also infiltrates around the crack.

(2) When the infiltration point is located at a non-terminal
crack position and the water supply is insufficient, it
exhibits an island chain infiltration pattern. The pre-
ferential flow of water is along the crack, with different
sandstone layers around the crack exhibiting varying
degrees of water absorption. When the moisture con-
tent is sufficient, the island chain pattern transforms
into a stripe pattern, where the preferential flow of
water continues along the crack, and water also infil-
trates around the crack. For example, in Figure 5, the
island chain area IC1 (depth −0.14 to −0.28) in the 75
min profile transitions into a stripe anomaly area C2
(depth −0.14 to −0.28) in the 90 min profile.

(3) The infiltration pattern of a crack with multiple sources
infiltrating is characterized by an island chain pattern,
where the preferential flow of each infiltration source
occurs along the crack. Additionally, there is also infil-
tration around the crack. Some islands are connected to
the infiltration sources, and as the infiltration continues
for a sufficient duration, the island chain pattern trans-
forms into a stripe pattern.

(4) The infiltration pattern of simultaneous flow in the
cracks and non-crack areas combines a stripe and a
bulb pattern, where the preferential flow of water
occurs along the crack, and infiltration around the
crack. In the non-crack area, the infiltration pattern
exhibits a bulb-shaped flow.
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